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A B S T R A C T
A novel kind of deep red-emitting phosphor NaMgGdTeO6:Mn4+ prepared by a high-temperature solid-state
reaction method is reported in this article. Rietveld reﬁnement for the representative NaMgGdTeO6 host showed
that its crystal structure is isostructural with that of the NaMgLaTeO6 compound. XRD measurements for the
representative samples indicated a pure phase for the as-prepared phosphors and the successful introduction of
Mn4+ into this matrix. Under UV or blue excitation, the NaMgGdTeO6:0.01Mn4+ shows a narrow emission band
ranging from 12,500 cm−1 (800 nm) to 16,667 cm−1 (606 nm) centered at 14,347 cm−1 (697 nm), which has
been attributed to the Mn4+ spin and parity-forbidden transition 2Eg→4A2g. Monitored at 697 nm, the phosphor
exhibits a wide excitation band from 40,000 cm−1 (250 nm) to 16,667 cm−1 (600 nm) with four Gaussian peaks
at 31,546 cm−1 (317 nm), 28,329 cm−1 (353 nm), 24,630 cm-1 (406 nm), and 20,833 cm-1 (480 nm), corre-
sponding to the O2-→Mn4+ charge-transfer transition and the Mn4+ spin-allowed transitions 4A2g→4T1g,
4A2g→2T2g and 4A2g→4T2g, respectively, which can match well with commercial UV and blue chips. The optimal
Mn4+-doping percentage for this phosphor was determined to be NaMgGdTeO6:0.01Mn4+ with a quantum yield
of 41.19% upon 365 nm excitation. Concentration quenching took place with further Mn4+-concentration in-
crease in NaMgGdTeO6:Mn4+, where the energy transfer mechanism was analyzed to be an electronic dipole-
dipole interaction. Moreover, the luminescent decay times monitored at 697 nm showed a reasonable decrease
with increasing Mn4+ concentration. The time-resolved emission spectra and decay times monitored at 680 and
720 nm of NaMgGdTeO6:0.01Mn4+ led to the distinguishing of two kinds of Mn4+ sites in the crystal structure.
In addition, the temperature-dependent luminescence properties illustrated a good luminescence thermal sta-
bility. These results suggest that this kind of phosphor can be considered as a supplement of the red component
for w-LEDs.
1. Introduction
Energy consumption still increases all over the world. As one of the
important aspects in electrical energy consumption, illumination takes
up about 20% in electricity utilization [1]. Therefore, energy saving in
lighting is a signiﬁcant issue, which attracts extensive attention. White
light-emitting diodes (w-LEDs) have been considered as the fourth-
generation light source to replace conventional ﬂuorescent and in-
candescent lamps due to their superior merits such as compactness,
high luminescence eﬃciency, environmental friendliness, extreme long
times as well as their signiﬁcant characteristic of low energy con-
sumption [2–5]. Generally, at present, the main strategy to obtain w-
LEDs concerns the combination of InGaN blue chips with yellow
phosphors such as Y3Al5O12:Ce3+ (YAG), which utilizes the blue light
from the chip and yellow light from the phosphor converted by the chip
to generate white light. However, the low color rendering index
(CRI < 80) and high color temperature (CCT > 4500 K) in this kind of
system, which occurs because of a lacking red component, limits its
more extensive application in w-LEDs [6,7]. In this regard, adding a red
component which can be eﬃciently pumped by blue chips in this kind
of system will improve the quality of w-LEDs. Therefore, it is an urgent
demand to search for red-emitting phosphors with good properties,
which justiﬁes many investigations on rare-earth ions activated phos-
phors. As we know, the commercial red-emitting phosphors are most
concentrated on Ce3+/Eu2+ doped nitride/oxynitride owing to their
excellent luminescence properties [8–11]. However, the rather extreme
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synthesis conditions, such as high temperature (> 1800 °C), high
pressure (> 10MPa), vacuum etc. are necessary, which requires highly
speciﬁc and non-trivial production circumstances. Moreover, the in-
evitable reabsorption of part of the emitted light in nitride/oxynitride
phosphors results in possible color changes and reduction of the lumi-
nescence intensity. Another approach to obtain warm white light is
employing an ultraviolet (UV)/near-UV chip with red, green and blue
(RGB) phosphors [12,13], which is expected to dominate the market in
the near future since the white light depends on the phosphors com-
pletely, the color of the LED can be controlled easily, and the number of
phosphors that can be excited by UV/n-UV radiation is high. Of all the
phosphor-converted w-LEDs, it has been concluded that the red phos-
phor is an indispensable component to make illuminated objects look
vivid and warm. Therefore, exploring red-emitting phosphors which
can be eﬃciently excited by UV/n-UV/blue lights and obtained under
mild conditions is highly desired.
As a non-rare earth metal, the Mn4+ ion with a 3d3 electronic
conﬁguration can produce red or deep red emissions ranging from
600 nm (16,667 cm−1) to 800 nm (12,500 cm−1) with variously acti-
vated centers in diﬀerent crystal ﬁeld environments originating from its
spin and parity-forbidden transition 2Eg→4A2g under UV/blue excita-
tion [14–16]. Employing Mn4+ can reduce the cost of LEDs because the
use of expensive nitrides or rare-earth metals can be avoided. Mn4+ can
be stable when it occupies an octahedral or distorted octahedral en-
vironment by replacing Zr4+, Ti4+, Al3+, Ge4+ or Si4+ [17,18]. Re-
cently, a lot of research has focused on ﬁnding proper hosts for Mn4+
doping, concentrating primarily on two types of materials: ﬂuorides
and oxides, with good luminescent properties [19–22]. Among the
oxides, many compounds with double perovskite structure [A2MWO6
(A,M=Ca,Sr,Ba,Mg)] have been investigated due to their good che-
mical and thermal stability, electrical, magnetic, and optical properties
[23–26]. The A2MWO6 structure consists of MO6 and WO6 octahedra,
sharing alternate corners to form a three-dimensional network, which is
suitable for Mn4+ doping. If two divalent A atoms were to be replaced
by one monovalent A′ and one trivalent A′′ to form A′A′′MWO6, the
luminescence properties of the resulting Mn4+-doped phosphors would
vary since the crystal ﬁeld environment around the Mn4+ would
change. In 2014, Srivastava et al. reported the luminescent properties of
Mn4+-doped NaMgLaTeO6 [27]. However, the Mn4+-doped
NaMgGdTeO6 has never been reported. Therefore, we attempted the
preparation of this kind of phosphor and found that its luminescent
properties were quite diﬀerent from those reported for the Mn4+-doped
NaMgLaTeO6, which may be caused by the substitution of La3+ by the
smaller Gd3+. In this paper, we have investigated the phase purity,
luminescence including temperature-dependent luminescence proper-
ties, luminescence decay times for as-prepared samples in detail. It is
interesting that both Mg2+ and Te6+ sites can be substituted by Mn4+
in this kind of phosphor. In addition, a crystal ﬁeld analysis was con-
ducted to estimate the crystal-ﬁeld properties of Mn4+ in this material.
2. Experimental section
2.1. Materials preparation
A series of polycrystalline products with the composition formula of
NaMgGdTeO6:xMn4+ (x=0, 0.0005, 0.001, 0.002, 0.006, 0.01, 0.02,
0.04) were synthesized using a high-temperature solid-state reaction
route. Chemicals Na2CO3 (AR), (MgCO3)4·Mg(OH)2·5H2O (AR), Gd2O3
(99.99%), H6TeO6 (99.9%) and MnCO3 (99.9%) were used as the raw
materials to prepare the samples. In a typical procedure, the raw che-
micals were mixed and ground for 20min after stoichiometric weighing
except for a 10% excess of Na2CO3 to compensate for the volatilization
at high temperature. Then, the mixtures were transferred to the heating
furnace for drying for 5min, after which they needed to be ground for
another 2min for further homogenous mixing. Next, the mixtures were
transmitted into ceramic crucibles to sinter for 11 h at stationary
temperature of 1100 °C in a box furnace with a heating rate of 10 °C/
min. The ﬁnal products were cooled naturally within the box furnace.
Finally, the products were ground for 1min again to be used for sub-
sequent measurements.
2.2. Characterization
A Thermo Scientiﬁc ARLX’TRA diﬀractometer equipped with a Cu
Kα (λ=1.5405 Å) source was used for the X-ray diﬀraction (XRD)
measurements of the as-prepared samples. Fourier transform infrared
(FT-IR) spectra were acquired by an FT-IR-RAMAN-DRIFT NICOLET
6700 setup. Photoluminescence (PL) including temperature-dependent
(273–498 K) luminescence, luminescence lifetimes and time-resolution
emission spectral measurements for the samples were conducted on an
Edinburgh Instruments FLSP 920 UV–vis–NIR spectroﬂuorimeter with a
TAP-02 high temperature control system. The luminescence quantum
yield was measured using the integrated sphere method, which can be
expressed below [28,29]:
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in which A is the optical absorbance and ψ is the quantum eﬃciency of
representative phosphor, L0(λ) is the integrated excitation proﬁle when
the sample is illuminated by the scattered excitation light from the
integrating sphere's surface, Li(λ) is the integrated excitation proﬁle
when the sample is directly excited by the light beam, Ei(λ) and E0(λ)
are the integrated luminescence of the sample upon direct excitation
and excited by indirect illumination from the sphere, respectively. The
Le(λ) is the integrated excitation proﬁle obtained from the empty in-
tegrated sphere (without the sample present). All measurements were
performed at room temperature except the temperature-dependent lu-
minescence spectra.
3. Results and discussion
3.1. Phase recognition and structure
We ﬁrst did the Rietveld reﬁnement of the powder XRD proﬁle for
the representative NaMgGdTeO6 host to recognize the phase purities of
the as-prepared doped samples by using the General Structure Analysis
System (GSAS) programme [30]. The structure of NaMgLaTeO6 with
the ICSD card no. 78532 was employed as the original mode for re-
ﬁnement analysis since the crystal structure of NaMgGdTeO6 compound
has not been reported so far. Fig. 1a presents the reﬁned results for the
XRD proﬁle of the NaMgGdTeO6 host. The magenta solid lines and
black crosses correspond to the calculated and experimental proﬁle,
respectively. The red short vertical lines represent the Bragg reﬂections
positions calculated from the crystal structure of NaMgLaTeO6. The
green line below the red bars displays the diﬀerence between the cal-
culated and experimental results. The reﬁned results imply that all atom
coordinates, fraction factors and thermal vibration parameters are
consistent with the reﬂection condition, Rwp =11.22%, Rp =8.77%,
χ2 = 1.020, which illustrates the reﬁned results are dependable.
Therefore, the NaMgGdTeO6 compound is isostructural with NaM-
gLaTeO6, as depicted in Fig. 1b, which belongs to the monoclinic
system with space group P121/m1(11). The Mg and Te atoms in the
crystal structure are coordinated with six oxygen atoms around, re-
spectively, to form MgO6 and TeO6 octahedra with only one kind of
cationic site (2e). The reﬁned cell parameters of this compound are
a= 5.5176(3) Å, b= 5.4485(3) Å, c= 7.7666(4) Å, α=90°,
β=89.946(3)°, γ=90°, Z= 1, V=233.48(2) Å3, in which we ﬁnd
that the values for a, b, c and V are all smaller than those of NaM-
gLaTeO6 [a =5.5526(2) Å, b= 5.5349(2) Å, c = 7.9126 (3) Å, V
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=243.18(3) Å3] because of the smaller ionic radius of Gd3+
[r= 1.20 Å, coordination number (CN) =12] compared to La3+
(r= 1.32 Å, CN =12). The ionic radii of Mn4+ and other ions with
respective coordination number (CN) are listed in Table 1. As we know,
it is reasonable that the diﬀerences between doped and substituted ions
should be within 30% [31,32]. The radius percentage between Mn4+
and others are also calculated and listed in Table 1 using the following
equation to analyze the occupancy of Mn4+ in the crystal structure
[33]:
= × −D R CN R CN
R CN
100 ( ) ( )
( )
d
r
m
m (3)
where Dr is the calculated value of the diﬀerence in radius percentage;
Rm(CN) and Rd(CN) are the radii of the host cations and the doped ion
with diﬀerent coordination number CN, respectively. Therefore, we can
deduce that Mn4+ may replace Mg2+ and Te6+ sites simultaneously
from Table 1 to form MnO6 octahedra. Moreover, this is rational be-
cause the charge will keep balance when two Mn4+ ions substitute one
Mg2+ and one Te6+ ions, which is beneﬁcial for the stability of the
crystal structure. Since the ionic radius of Mn4+ is too small to form the
polyhedra for seven and nine coordination number, therefore, the va-
lues for them are not supplied here.
Fig. 2 shows the XRD proﬁles of the as-prepared samples
NaMgGdTeO6:xMn4+ (x=0–0.04) and the standard diﬀraction posi-
tion from the NaMgLaTeO6 compound. We can observe that all the
diﬀraction peaks of the samples have shifted slightly to the right of the
corresponding standard position, which can be explained by the Bragg
formula of 2dsinθ =nλ [34]. Since the ionic radius of Gd3+ is smaller
than that of La3+, as listed above, the interplanar spacing d decreases
when Gd3+ substitutes La3+. To keep nλ a constant, the diﬀraction
angle θ should be larger, which corresponds to the right shift here. All
the diﬀraction patterns of the Mn4+-doped samples are consistent with
the NaMgGdTeO6 host, which illustrates that a pure phase is obtained
in all the as-prepared samples. The enlarged proﬁle of the XRD peaks
between 31.5° and 33.5° is presented on the right of Fig. 2. It is found
that the diﬀraction peak shifts to larger angles with increasing Mn4+
concentration because of smaller ionic radius of Mn4+ compared to
Mg2+ and Te6+ ions, implying Mn4+ ions have been successfully in-
corporated into the host, which is in accordance with what was men-
tioned above.
Fig. 3 displays the FT-IR spectra of representative samples of
NaMgGdTeO6:xMn4+ (x=0, 0.02 and 0.04) mainly to explore the
existence of the Te-O vibration in the TeO6 group. We can observe that
the general proﬁles of the three samples are similar to each other, il-
lustrating that the main structure is stable when Mn4+ ions are
Fig. 1. (a) Rietveld reﬁnement of the powder XRD proﬁle for the representative NaMgGdTeO6 host. (b) Crystal structure of the NaMgGdTeO6 compound from the direction of (211) plane
as well as MgO6 and TeO6 octahedra.
Table 1
The ionic radii for Na+, Gd3+, Mg2+, Te6+ and Mn4+ ions with respective coordination
number CN.
Ions Wyckoﬀ Ionic radius (Å), Ionic radius (Å), Dr (%)
CN=6 CN=12
Na+ 2e × 1.39 ×
Gd3+ 2e × 1.25 ×
Mg2+ 2e 0.72 × 26.4
Te6+ 2e 0.56 × 5.36
Mn4+ 2e 0.53 × 0
Fig. 2. Left: XRD patterns of the as-obtained NaMgGdTeO6 host and of
NaMgGdTeO6:xMn4+ with diﬀerent doping percentages of Mn4+ as well as the standard
diﬀraction position of the NaLaMgTeO6 compound. Right: Corresponding XRD patterns
within the 31.5–33.5° range.
Fig. 3. FT-IR spectra of representative samples of NaMgGdTeO6:xMn4+ (x=0, 0.02,
0.04).
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incorporated into the host. However, it can be seen that the curves
become ﬂatter with increasing Mn4+-content, as shown in the inset of
Fig. 3 with enlarged proﬁle for the range between 1000 and 400 cm−1,
which infers that Mn4+ substitutes Te6+ sites in the structure. In gen-
eral, the peaks at 817, 759, 697, 632 and 513 cm−1 here can be as-
signed to the stretching vibrations of Te-O [35–37]. Other peaks at
1463 and 3675 cm−1 may originate from the vibration of OH bonds in
absorbed water from air on the surface of the samples.
3.2. Photoluminescence properties
Fig. 4 presents the PL excitation and emission spectra of NaMgGd-
TeO6:0.01Mn4+ at room temperature. It can be seen that the sample
exhibits a narrow emission band ranging from 12,500 cm−1 (800 nm)
to 16,667 cm−1 (600 nm) centered at 14,347 cm−1 (697 nm) under
UV/blue light excitation, as displayed in Fig. 4b, corresponding to an
intense red emission, which originates from the Mn4+ 2Eg→4A2g tran-
sition. The inset in Fig. 4b shows the phosphor under daylight illumi-
nation as well as under a 365 nm UV lamp excitation, clearly illus-
trating the deep-red color. The excitation spectrum monitored at
14,347 cm−1 (697 nm) shows a wide band within the range from
40,000 to 16,667 cm−1, as presented in Fig. 4a, which can be ﬁtted
with Gaussian functions into four bands centered at 31,546 cm−1
(317 nm), 28,329 cm−1 (353 nm), 24,630 cm-1 (406 nm), and
20,833 cm-1 (480 nm), respectively. These bands correspond to the
O2-→Mn4+ charge-transfer transition and to the Mn4+ spin-allowed
transitions 4A2g→4T1g, 4A2g→2T2g and 4A2g→4T2g, respectively [38].
Two clear excitation bands in the ﬁgure match well with UV or blue
chips, which suggests this material to be a potential candidate as a red
phosphor for w-LEDs. The sharp lines in the 450 nm (22,222 cm−1) to
500 nm (20,000 cm−1) wavelength range in the excitation spectrum are
due to the Xe lamp.
The dependence of the emission spectra and corresponding emission
intensities on the Mn4+ doping concentration under 365 nm UV ra-
diation is shown in Fig. 5a. The proﬁles of all the spectra are generally
similar to each other apart from the intensities. We can ﬁnd that the
optimal composition of the phosphors is NaMgGdTeO6:0.01Mn4+, ob-
served from the inset in Fig. 5a. This sample has a quantum yield of
41.19%, beyond which the emission intensity declines with further
increasing Mn4+ content owing to the concentration quenching eﬀect.
It is well known that the energy transfer between activators becomes
more and more obvious with closer distance between the activators
originating from the increasing concentration of the doping ions, which
mainly contributes to the concentration quenching eﬀect. Herein, the
critical distance (Rc) for Mn4+ in this kind of phosphor can be roughly
evaluated using the following equation [39,40]:
≈ ⎡
⎣⎢
⎤
⎦⎥
R V
πX N
2 3
4c c
1/3
(4)
Here Xc is the critical content of the dopant, N refers to the number
of available Mg2+ and Te6+ sites per unit cell, and V represents the
volume of the unit cell. As shown above, the volume V of the cell is
233.48(2) Å3, N=2, Xc =0.01. Thus, Rc is calculated to be 28.15 Å. As
we know, the non-radiative energy transfer mechanisms contain ex-
change interaction, radiation reabsorption and electric multiple inter-
actions. The Rc here is much larger than that for exchange interaction
(5 Å), which can exclude its possibility. Besides, a signiﬁcant overlap
between excitation and emission spectra is necessary in order to allow
radiation reabsorption, which is also not the case here. As a con-
sequence, the electric multiple interactions are assumed to dominate
the energy transfer process between Mn4+ ions in NaMgGdTeO6. The
detailed energy transfer mechanism can be analyzed by using the for-
mula below according to the theory from Dexter and Van Uitert
[41,42]:
= + −I
x
β x[1 ( ) ]θ/3 1 (5)
where I is the emission intensity of phosphors corresponding to dif-
ferent doped ions concentrations x beyond the critical content, β is a
constant for a certain matrix under the same excitation conditions.
θ=6, 8, and 10 stands for the value corresponding to diﬀerent me-
chanisms of electric dipole-dipole, dipole-quadrupole and quadrupole-
quadrupole interactions, respectively. As shown in Fig. 5b, the slope of
the ﬁtted line for the relationship of ln(x) versus ln(I/x) is -θ/
3=−1.74, thus θ=5.22, closest to 6, suggesting that the primary
energy transfer mechanism for concentration quenching should be an
electric dipole-dipole interaction.
3.3. Decay lifetimes and time-resolved emission spectra
In order to investigate the luminescence decay dynamic process of
the samples, the luminescence decay curves (λex = 365 nm, λem
=697 nm) of representative NaMgGdTeO6:xMn4+ (x=0.001, 0.002,
0.006, 0.01, 0.02, 0.04) samples under room temperature have been
recorded and plotted in Fig. 6. All the decay curves could be ﬁtted well
with a bi-exponential function, which can be described as follows
[43,44]:
= + − + −I t I A t τ A t τ( ) exp( / ) exp( / )0 1 1 2 2 (6)
in which I(t) and I0 are the corresponding intensities at time t and 0,
respectively, A1 and A2 are both constants for the function, τ1 and τ2 are
the luminescence lifetimes for the corresponding quick and slow decay
components. As a result, the average lifetimes (τ*) for the diﬀerent
samples can be estimated by the following equation according to the
ﬁtting parameters from Eq. (6):
Fig. 4. Room temperature PL emission (b) (λex
= 365 nm and 465 nm) and excitation spectra (a)
(λem =697 nm) of NaMgGdTeO6:0.01Mn4+. The
inset in (b) shows the color of the sample under
daylight and under excitation with a 365 nm UV
lamp. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web
version of this article.)
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= + +τ A τ A τ A τ A τ* ( )/( )1 12 2 22 1 1 2 2 (7)
Thus, the decay times for the NaMgGdTeO6:xMn4+
(x=0.001–0.04) are displayed in Fig. 6 and plotted in the inset, from
which we can see that the values of the decay times decline mono-
tonously from 0.725 to 0.435ms with increasing Mn4+-concentration
from x=0.001–0.04. Moreover, the measured lifetimes also can be
related to the total relaxation rate by [45]:
= + +
τ τ
A P1
*
1
nr t
0 (8)
where τ0 is the radiative lifetime, Anr is the non-radiative rate attributed
to multiphonon relaxation, and Pt is the energy transfer rate between
Mn4+ ions. With increasing Mn4+ concentration, the distance between
Mn4+ ions decreases. Therefore, both the rate of energy transfer be-
tween Mn4+-Mn4+ ions and the possibility of energy transfer to lumi-
nescence killer sites increases. Accordingly, the decay lifetimes shorten
with increasing Mn4+ content. Since concentration quenching origi-
nates from energy transfer between activators, the investigation for the
decay times further supports the existence of concentration quenching
in NaMgGdTeO6:Mn4+.
As depicted in Section 3.1, Mn4+ may substitute Mg2+ and Te6+
sites at the same time in NaMgGdTeO6:Mn4+ phosphors. In order to
discriminate the two diﬀerent sites of Mn4+ for substituting Mg2+ and
Te6+ ions in the structure, two decay curves for the NaMgLaG-
dO6:0.01Mn4+ phosphor monitored at 680 and 720 nm, upon excita-
tion at 365 nm, have been recorded and shown in Fig. 7a. Seen from the
ﬁgure, the decay times for these two wavelengths are quite diﬀerent:
0.747ms for 680 nm and 0.489ms for 720 nm. Therefore, the decay
time of 0.585ms for 697 nm (between them) is reasonable.
Simultaneously, the diﬀerence of decay times for these two wave-
lengths testiﬁes the two diﬀerent kinds of Mn4+ sites in phosphors. To
further support our conclusion, the time-resolved emission spectra for
the sample of NaMgGdTeO6:0.01Mn4+ excited at 365 nm are shown in
Fig. 7b. Slight diﬀerences (such as the small peak at 735 nm) between
them and the steady solid-state PL spectra occur because of the possible
diﬀerent lattice vibration modes aﬀected by changing the decay times.
Besides, the proﬁles of the time-resolved spectra are slightly diﬀerent
from each other with increasing delayed times after a careful compar-
ison. We plotted the variation of the emission intensity as a function of
delayed time in the inset of Fig. 7b to clearly observe the diﬀerent
decays between 680 and 720 nm. A monotonously increasing intensity
ratio of 680/720 nm can be observed with increasing delayed time,
which illustrates that the decay time for 680 nm is longer than that at
720 nm. This is in accordance with the decay time values from Fig. 7a.
3.4. Approximate crystal ﬁeld parameters calculations
A Tanabe-Sugano energy-level diagram and an energy level scheme
showing the transitions between the energy levels of Mn4+ are illu-
strated in Fig. 8. These depict the Mn4+ energy levels and transitions in
diﬀerent crystal ﬁelds since the 3d3 electronic conﬁguration is the outer
shell and thus inﬂuenced by the environment around. As depicted in
Fig. 8, electrons in the ground state can be promoted to the 4T1g, 2T2g
and 4T2g excited states under the 365 nm UV or 465 nm blue light ex-
citation, after which they can relax to the ﬁrst excited state 2Eg through
a non-radiative relaxation process 4T1g→2T2g→4T2g→2Eg, and ﬁnally
the radiative transition 2Eg→4A2g takes place to produce the red
emission around 14,347 cm−1 (697 nm) of Mn4+. Generally, the local
crystal-ﬁeld strength (Dq) around Mn4+ in hosts can be roughly eval-
uated using the energy gap of the 4A2g→4T2g transition by the next
equation [46,47]:
= →D E A T( )/10q g g24 24 (9)
As depicted in part 3.2 above, the peak energy of the 4A2g→4T2g
transition is 20,833 cm−1 (480 nm), thus, the value of Dq is calculated
to be 2083.3 cm−1. Another important Racah parameter B can be es-
timated according to the equation below:
=
−
−
D
B
x
x x
15( 8)
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q
2 (10)
where x can be expressed as follow:
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By using the energy value of 4A2g→4T2g (20,833 cm−1) and
4A2g→4T1g (28,329 cm−1), the x value equals 3.598, and as a result, the
paramater B is calculated to be 726.7 cm−1. Subsequently we can
Fig. 5. (a) PL spectra of NaMgGdTeO6:xMn4+ with diﬀerent contents of Mn4+; the inset shows the variation of the emission intensity with increasing Mn4+ concentration x. (b) Linear
ﬁtting of ln(x) versus ln(I/x) in NaMgGdTeO6:xMn4+ phosphors beyond the quenching concentration (x≥ 0.01).
Fig. 6. Decay curves and calculated lifetimes of NaMgGdTeO6:xMn4+ (x=0.001–0.04)
with increasing concentration of Mn4+ under 365 nm excitation and monitored at
697 nm.
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calculate another Racah parameter C, which is related to the following
formula:
→
= − +
E E A
B
C
B
B
D
( ) 3.05 1.8 7.9g g
q
2
2
4
(12)
Using the values of the energy of the 2Eg→4A2g transition
(14,347 cm−1), the value for B =726.7 cm−1, and the Dq value of
2083.3 cm−1, the value for parameter C is calculated to be 2971 cm−1.
From this equation, we can also ﬁnd that Racah parameters B and C can
aﬀect the value of E(2Eg→4A2g) signiﬁcantly, while the values of B and
C are estimated by the competition between the ionicity and covalency
of the chemical bond. It is concluded that the covalent interactions
between Mn4+ and nearest neighbor ligand anions in oxides are
stronger than those in ﬂuorides, which results in the smaller values for
parameters B and C, that is, the small energy diﬀerence between 2Eg
and 4A2g. It is obvious that the Mn4+ ions sit in a strong crystal ﬁeld
here since the Dq/B value of 2.869 exceeds the value of 2.2 [48]. At
present, the 2Eg→4A2g emission wavelength can vary from 12,500 to
16,500 cm−1 which may be ascribed to the Mn4+ ions occupying dif-
ferent sites and to the nephelauxetic eﬀect inﬂuenced by Racah para-
meters B and C. The change of the crystal ﬁeld intensity is not con-
sidered to be the reason because the energy of the 2Eg level is
independent from the crystal ﬁeld. As an important element for the
emission, the nephelauxetic eﬀect can be estimated using a nephe-
lauxetic parameter β1 depicted below [47,49]:
⎜ ⎟ ⎜ ⎟= ⎛
⎝
⎞
⎠
+ ⎛
⎝
⎞
⎠
β B
B
C
C1 0
2
0
2
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where the values of B0 and C0 are 1160 cm−1 and 4303 cm−1 for the Mn4+
ion, respectively. B and C are the parameters we calculated above. There-
fore, the value of β1 for Mn4+ in NaMgGdTeO6 is 0.9323. In the reference
[50], the energies for the 2Eg→4A2 transition in a large amount of Mn4+-
activated crystals were listed in a ﬁgure and ﬁtted by a linear relationship
with the equation E(2Eg→4A2)= –880.49+16,261.92β1± σ, in which
the σ represents the root-mean square (rms) deviation of the data points
from the ﬁtting line. As in our case β1 =0.9323, the calculated maximum is
14,613 cm−1 and the minimum is 13,948 cm−1. The experimental energy
value for the 2Eg→4A2 transition of Mn4+ in this host is 14,347 cm−1.
Obviously, this value is between 14,613 cm−1 and 13,948 cm−1, which il-
lustrates the reliability of this experimental result.
3.5. Thermal stability of luminescence
It is essential to estimate the thermal stability of luminescence for
phosphors in w-LEDs above room temperature, especially in high-
power ones since the temperature can signiﬁcantly inﬂuence the light
output (color stability, intensity) for w-LEDs. In this regard, we mea-
sured the emission spectra for the representative
NaMgGdTeO6:0.01Mn4+ phosphor with increasing temperature from
room temperature 25 °C (298 K) to 225 °C (498 K), shown in the inset of
Fig. 9a. It is found that the emission intensity smoothly decreases with
increasing temperature over the whole temperature range. The ratio
between the emission intensity at 150 °C (423 K) and room temperature
25 °C (298 K) is usually used to assess the thermal stability, which is
about 70% here, a value pointing to good thermal stability. The de-
crease of emission intensity is often considered to be originating from
the thermal quenching eﬀect which can be understood via the thermal
activation through the crossing point between the ground and excited
states. This process is depicted in the conﬁguration coordinate diagram
in inset of Fig. 9b. Generally, the electrons in the ground state 4A2g can
be promoted to higher excited states 4T1g, 4T2g and 2T2g after the ex-
citation with UV or blue light, then relax to the ﬁrst excited state 2Eg via
a non-radiative process, and then produce the red emission via the ra-
diative transition 2Eg→4A2g (from point A→R′→B→R0). At higher
temperatures, more and more electrons at the 2Eg state (R′) absorb extra
energy Ea and can therefore move up to cross point C and then relax to
R0 along the curve CR0 in a non-radiative way. The energy is released in
the form of heat, which leads to the loss of emission intensity. In order
to assess the value of the activation energy Ea, the ﬁtting line in Fig. 9b
for ln[(I0/I)-1] and 1/(kT) for the NaMgGdTeO6:0.01Mn4+ sample was
calculated by the following equation [51,52]:
⎛
⎝
⎞
⎠
= −In I
I
InA E
kT
a0
(14)
in which I0 and I are the integrated intensities of the emission spectra at
room temperature (298 K) and at the required temperatures T (K), re-
spectively. A is a constant and k is the Boltzmann constant (8.626·10−5
eV K−1). As depicted in Fig. 9b, the slope was calculated as − 0.2532,
Fig. 7. (a) Decay curves of the
NaMgLaGdO6:0.01Mn4+ phosphor monitored at 680
and 720 nm (λex = 365 nm). (b) Time-resolved
emission spectra of the NaMgGdTeO6:0.01Mn4+
phosphor within the delay time range from 0.160 to
2.238ms at room temperature (λex = 365 nm); the
inset shows the variation of the emission intensity
ratio of 680 nm/720 nm as a function of delayed
times.
Fig. 8. Tanabe-Sugano energy level diagram of Mn4+ (d3 electron conﬁguration) in the
octahedral crystal ﬁeld of the NaMgGdTeO6 host.
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which yields a value for Ea of 0.2532 eV, conﬁrming a good thermal
stability.
4. Conclusions
In conclusion, we prepared a novel kind of red-emitting phosphor
NaMgGdTeO6:Mn4+ with double-perovskite structure. XRD patterns
and Rietveld reﬁnement showed the pure phase for the NaMgGdTeO6
host and for the Mn4+-doped NaMgGdTeO6 phosphors. Both Mg2+ and
Te6+ sites were occupied by Mn4+ based on the ionic radii and charge
balance, which can be demonstrated by the decay times and time-re-
solved emission spectra. Upon UV or blue-light excitation, the
NaMgGdTeO6:0.01Mn4+ presented a narrow emission band ranging
from 12,500 cm−1 (800 nm) to 16,667 cm−1 (600 nm) centered at
14,347 cm−1 (697 nm), which was attributed to the Mn4+ spin and
parity-forbidden transition 2Eg→4A2g. Monitoring the emission at
697 nm, the phosphor exhibited a broad excitation band from
40,000 cm−1 (250 nm) to 16,667 cm−1 (600 nm), which could be ﬁtted
with four Gaussian symmetric bands peaking at 31,546 cm−1 (317 nm),
28,329 cm−1 (353 nm), 24,630 cm−1 (406 nm), and 20,833 cm−1
(480 nm), respectively, corresponding to the O2-→Mn4+ charge-
transfer transition and the Mn4+ spin-allowed transitions 4A2g→4T1g,
4A2g→2T2g and 4A2g→4T2g, which can match well with commercial UV
and blue chips. We optimized the Mn4+ doping concentration and
found that the optimal phosphor composition was
NaMgGdTeO6:0.01Mn4+ with a quantum yield of 41.19% upon a
365 nm UV excitation. The concentration quenching eﬀect took place
and the energy transfer mechanism between Mn4+ ions was determined
to be an electronic dipole-dipole interaction. The temperature-depen-
dent luminescence showed that this kind of phosphor has good thermal
properties. These results indicate that the phosphor can be a promising
candidate as a supplement of the red component for w-LEDs.
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